Aim To investigate and correlate the corneal, refractive, topographic and familial characteristics of a large cohort with keratoconus. Methods Prospective observational study of 200 consecutive patients presenting with keratoconus during the 4 year-period 1997-2000. Subjects were examined at enrolment and at a final review. Data were collected on demographic characteristics, referral route, symptoms, refractive correction, eye rubbing, family history, medical history, slit-lamp biomicroscopic corneal signs, and computerized corneal topography. Results Mean age at enrolment was 30.9710.4 (range, 12.2-72) years (N ¼ 200, 62.5% male, 93% white Caucasian) with a 5% family history of keratoconus. Atopic diseases included asthma (23%), eczema (14%), and hay fever (30%). Only 9% wore contact lenses before referral. Mean follow-up was 1004 days 7282 (range, 390-1335) and 9.778.9 (range, 1.1-60) years from diagnosis. The mean simulated K1 corneal power at enrolment was 51.7475.36 (range, 42.59-67.32) D and 88.5% exhibited bilateral keratoconus. Fifty-three (15%) topographically confirmed cones exhibited no clinical corneal signs at presentation. At enrollment, 56% had a pachymetry o0.480 mm increasing to 77% at final review. Forty-eight percent of subjects reported significant eye rubbing and there was a highly statistically significant difference (two sample t-test P ¼ 0.018) between keratoconus and control groups. TMS-2 axial corneal power was strongly associated with corneal scarring and age at diagnosis. The size of the scarring effect was 2.2 D (95% confidence interval (CI) 1.34, 3.06). Conclusions This study provides an overview of a large population with keratoconus highlighting presenting features and clinical and topographic progression over a 4 year-period.
Introduction
Although keratoconus is a relatively common ectatic disease of the cornea, there is a surprising lack of large, prospective, longitudinal studies of the disease. Indeed, to the authors' knowledge, currently, the USAbased Collaborative Longitudinal Evaluation of Keratoconus (CLEK) study is the only major study reported within the literature and the Dundee University Scottish Keratoconus Study (DUSKS), which we report herein, is the only established longitudinal prospective evaluation of keratoconus in the UK. However, there are three major differences between the DUSKS and the CLEK studies.
First, the CLEK dataset is multi-center representing an amalgamation of several baseline papers, [1] [2] [3] [4] [5] secondly, a major difference in diagnostic criteria between the DUSKS and CLEK studies is that DUSKS includes analysis of computerised corneal topography and pachymetry, and finally, the keratoconic populations are different, with the higher proportion of ethnic populations in the CLEK study potentially influencing all cited factors. 6 The aims of the DUSKS project were to investigate and correlate the corneal, refractive, topographic, and familial characteristics of people with keratoconus, within the Tayside region of Scotland.
Methods
This prospective observational study was based within the corneal and anterior segment service within the Department of Ophthalmology, University of Dundee, Ninewells Hospital and Medical School (catchment population area approximately 426 000). The study was approved by the Tayside Research Ethics Committee. In total, 275 consecutive patients with keratoconus were identified and assessed during the 4-year study period (1997) (1998) (1999) (2000) and, following informed consent, 200 of those subjects were enroled into DUSKS. All subjects either demonstrated corneal signs and/or corneal topographic signs of keratoconus (Tomey TMS TM -2 Bausch & Lomb) and the diagnosis was confirmed by a corneal subspecialist.
Each subject was examined at the time of enrolment (baseline review 1) and at a final review (review 2). Data were collected on demographic characteristics (gender, age, occupation, ethnicity, mother's age at birth, handedness, driving ability), referral route to the Hospital Eye Service, symptoms on referral, mode of refractive correction before referral, age at diagnosis, age at enrolment, eye rubbing, family history of keratoconus, and medical history (eczema, hay fever, asthma, cardiac, and joint problems), slit-lamp biomicroscopic corneal findings (Fleischer's ring, Vogt's striae, scarring, prominent corneal nerves, and corneal staining), corneal thickness (Orbscan TM Bausch & Lomb), and topographic classification using the TMS-2 (axial power).
A control group was established for comparison (anonymous questionnaire was usedFAppendix 1) in relation to data acquired from questions in relation to systemic diseases, environmental factors, and eye rubbing. The control group constituted 100 subjects randomly recruited from visitors to Ninewells Hospital and was not matched in relation to age, gender, or refractive correction. The only contra-indications to inclusion were previous attendance at an Ophthalmology department or a family history of eye disease.
Statistical analysis
The sign test was used to investigate changes between the first and second clinical reviews in relation to corneal power and thickness. This test requires no assumptions of symmetry or normality in the distribution of changes.
The w 2 test for independence of categorical variables in a 2-way contingency table was performed to investigate the presence of an association between asthma, hayfever, eczema, incidence, and amount of eye rubbing or cone steepness. Pearson correlation coefficients were used to assess the strength of association among the continuous measurements of Orbscan corneal power, TMS corneal power, and corneal thickness. Multiple linear regression was used to identify which variables, for example scarring, asthma, eye rubbing, and gender, had statistically important effects on the age of diagnosis and TMS corneal power.
Results

Baseline data
A total of 200 subjects with keratoconus were enroled during the study period. The mean age at enrolment was 30.9710.4 (range, 12.2-72, median 30.1) years old for all subjects (n ¼ 200). There was a higher percentage of male subjects (62.5%) than female subjects. The majority of subjects (93%) were white Caucasian (Asians 6.5%, AfroCaribbean 0.5%).
Twenty-one subjects had undergone penetrating keratoplasty (PKP) before enrolment. The study group that suffered from asthma was 23%, 14% suffered from eczema, and 30% from hayfever. One female subject had Turner's syndrome. The mean age of the subjects' mothers, at the time of the subjects' birth, was 27.4775.99 (range, 17-43, median 26) years old. There was a family history of keratoconus in one or more family members in 5% of DUSKS subjects, although amongst the small Asian (Indian sub-continent) subgroup, this rose to 25%.
The mean age of diagnosis by the Hospital Eye Service (HES) was 24.0578.97 (range, 10-59, median 21.8) years old. The percentage of subjects diagnosed over 40 years of age was 7.5%. There was a trend (which did not reach statistical significanceFP ¼ 0.07) of the male mean age of diagnosis (23.579.2, range, 10-59, median 21 years old) being younger than that for female subjects (24.978.5, range, 12-45.11, median 23 years old).
Optometrists referred the majority of subjects to the HES (79%), with the most reported symptom being blurred vision (93%). Other reasons for referral were frequent changes of spectacles (21%), poor visual acuity with spectacles (41%), and sensitivity to light (35%). In nearly two-thirds of the subjects, the mode of correction before referral was spectacles (63.5%, mean length of wear 8.978, range, 1-30 years) with only 9% wearing contact lenses, the majority of which were soft lenses (72%, mean length of wear 5.272.7, range, 2-12 years). The most prevalent occupation (21%) was that of a trades person (e.g. joiner, carpet fitter), with administration close behind (20%). Thereafter, 9% of keratoconics were managers and 7% were students, with 4% each being engineers, salesmen, social workers, accountants, and housewives. Three percent were farmers and 2% each were teachers, lecturers, waiters, computer engineers, laboratory technicians, cooks, and shop owners. Only 2% of keratoconics were unemployed and 19% reported not holding a driving licence.
The mean follow-up was 1004 days 7282 (range, 390-1335, median 1035). Eighteen (9%) failed to achieve 1-year follow-up (7 female subjects and 11 male subjects) and therefore, did not have the 'review 2' data analysed. The mean length of time from diagnosis of keratoconus to the end of the study was 9.778.9 (range, 1.1-60 years, median 7.3) years.
Corneal topography
The mean SimK1 corneal power for keratoconic eyes at review 1 (enrolment) was 51.7475.36 (range, 42.59-67.32, median 50.93) D. Bilateral keratoconus was present in 88.5% of subjects with the inferior (67%) oval cone (75%) classification being the most common (% varying with corneal topography scale used).
Corneal signs
The most frequently observed sign within classified cones was of a Fleischer's ring at review 1 (76%) and at review 2 (79%). Fifty-three (15%) classified cones exhibited no corneal signs at review 1 and 39 cones (12%) at review 2. Scarring was associated most frequently with a central (45, 29%, review 1 and 2, respectively) globus cone (62, 71%, review 1 and 2, respectively). There was an increasing prevalence of scarring with increasing corneal power (TMS-2 axial), as shown in Table 1 . Of the 22 cones recorded as unclassified throughout the study, 82% were associated with scarring.
Minor corneal staining, usually at the 3 and 9 o'clock or central position, was seen in 59% of contact lens wearers at the final review. Hurricane type keratopathy (fluorescein whorl pattern of superficial epithelial punctate keratopathy) was recorded in 4%. Evidence of foreign body staining was noted in 18% at the final review, which appeared to be related to a manual occupation (78%). Identification of prominent corneal nerves between reviews increased, these being present in 11% of eyes at review 1 increasing to 18% at review 2. There were no signs of corneal hydrops.
The mean corneal thickness for all affected eyes at review 1 (n ¼ 310) was 0.443 (range, 0.229-0.586, median 0.456) mm and at review 2 (n ¼ 302) was 0.412 (range, 0.430-0.575, median 0.430) mm. The Orbscan meridional directions of the mean thinnest point was found to be 221 (mean deviation 25.5) and 315 (mean deviation 36.2) degrees for the right and left eye, respectively, at review 1 (both eyes n ¼ 326). At review 2, the Orbscan meridional directions of the mean thinnest point was found to be similar within the inferio-temporal quadrant, for the right and left eye, respectively 233, (mean deviation 35.6) and 313 (mean deviation 29.5) degrees (both eyes n ¼ 326). The proportion of subjects with corneal thickness less than 0.480 was 56% at enrollment and 77% at the final review. Corneal thickness decreased significantly (P ¼ 0.008 for the right eye and P ¼ 0.016 for the left eye), from reviews 1 to 2 in keratoconic eyes. There is a correlation of approximately 0.6 (Pearson) between corneal power (TMS-2 axial) and corneal thickness (Orbscan), demonstrating a trend but not statistical significance.
Questionnaire responses: asthma, hay fever, eczema, and eye rubbing
The control group consisted of 38 male subjects and 62 female subjects, of whom 19% wore contact lenses (6% rigid gas permeable). The mean age was 39.23718.6 (range, 18-77) years old. The prevalence of asthma, hay fever, and eczema was 6, 16, and 16%, respectively, and 91% were right-handed. The most frequent occupation was that of a student, followed by retired persons. Only 11% of DUSKS subjects reported never rubbing their eyes and 48% reported either frequently or a great deal, whereas for the controls, only 4% reported never and 39% reported either frequently or a great deal. However, only 22.3% of the control group placed a mark over the 50 mm half-way mark on the visual analogue scale. In respect to reported eye rubbing, when using the visual analogue scale, there was a highly statistically significant difference (two sample t-test P ¼ 0.018) between the control group and the keratoconus group, with the latter group rubbing their eyes more. However, when using the 'closed question' methodology to investigate the self-reported frequency of eye rubbing, this did not reach statistical significant difference between the two groups (Appendix 1).
Although there is no apparent consistent pattern in relation to the mean age at diagnosis, gender, and eye rubbing, there appeared to be a complex interaction effect. The earlier diagnosed males tended to report rubbing their eyes more than females. Most (85.5%) DUSKS subjects were right-handed; however, the steepest cone (using the CVK TMS-2 axial maps) was found in the left eye in 44.5% of cases at review 1. In 16 of the subjects, there was no obvious difference in the bilateral expression of the disease at the time of initial presentation.
When comparing the prevalence of asthma, hayfever, and eczema between the control group and the keratoconus group (23, 30 and 14%, respectively), the latter group had a statistically higher prevalence of hayfever (w 2 analysis P ¼ 0.007) and asthma (w 2 analysis P ¼ 0.0002). Asthma, hayfever, or eczema keratoconic sufferers tended to rub their eyes more frequently (w 2 test 26.87 df 4, 73.61 df4, 26.03 df 4, respectively). However, when compared with corneal power (TMS-2), there was no significant association with any of the atopic populations (w 2 test 4.02 df 3, 0.969 df3, 0.691 df 3, respectively).
Multiple regression analysis
TMS-2 axial corneal power is strongly associated with the presence of scarring and age of diagnosis. The size of the scarring effect is 2.2 D (95% confidence interval (CI) 1.34, 3.06); that is, the power in eyes with scarring is 2.2 D higher than in eyes with no scarring (adjusting for the subject's age). For an increase in 1 D in power the odds in favour of scarring rise by a factor of 1.21 or 21% (95% CI 1.12, 1.30).
The effect of age at diagnosis is a decrease in power of about 1.5 D per decade (95% CI: 0.7, 2.3) or every 1 D increase in power was associated with a reduction in age at diagnosis of about 0.44 years (95% CI: 0.21, 0.66). There was a noticeable effect associated with the presence of asthma, with the age of diagnosis for those with asthma being on average 3.1 years earlier than those without asthma (95% CI:0.1, 6.2).
Discussion
The current, DUSKS, study tends to add to the weight of evidence 1,7-9 that a higher percentage of males are diagnosed with keratoconus (DUSKS 62.5%) with an underlying trend of being diagnosed earlier. 10, 11 Comparisons between CLEK and DUSKS is shown in Table 2 . The mean age at diagnosis of keratoconus is typically within the second or early third decade of life [11] [12] [13] ) and yet only 15% had undergone PKP. As the mortality rate of keratoconics is similar to the normal population 14 and most do not undergo surgery, 15 the majority should be wearing contact lenses beyond their 50s. However, as keratoconics demonstrate periods of stability 8-12 years post diagnosis, 16 older individuals may be managed more frequently by community Optometrists and hence their relative under-representation.
The majority of DUSKS subjects were referred to the HES via Optometrists (79%), presenting with similar symptoms (blurred vision, poor visual acuity with spectacles, frequent changes of spectacles and sensitivity to light), as reported previously within the literature. 17, 18 Surprisingly, 26.5% of subjects attended the HES with no visual correction and only 9% had previous contact lens wear. The majority (98%) of DUSKS subjects were employed (41% were in either manual or administrative occupations) and most held a drivers licence (81%).
Mother's age has an increasing effect on genetic conditions such as Down's syndrome, which has a strong association with keratoconus. 19 The mean age of the DUSKS subjects' mothers at their births was 27.47 years old. The only genetic association within DUSKS was a case of Turners syndrome, a known association. 20 The percentage of patients citing a family history of keratoconus varies from 6 to 23.5%, 1, 7, 8, 16, 21, 22 only 5% reported a family history in the current study (25% within the small Asian subgroup). Ethnic differences in the prevalence of keratoconus have been well documented. 6, 21 Keratoconus is usually a bilateral condition, 23 although asymmetrical, 24, 25 with the second eye lagging about 5 years behind the first. 26 In DUSKS, 88.5% were found to exhibit bilateral keratoconus, usually asymmetrical in presentation (P ¼ 0.005). Fleischer's-ring was the most frequently observed corneal sign (86-89%) as reported previously 2, 27 followed by Vogt's striae (67-68%) and corneal scarring (21-20%) at review 1 and 2, respectively. Notably, corneal slit-lamp signs cannot be relied upon solely as diagnostic criteria as approximately 15% of eyes exhibited no corneal signs despite pathognomonic topographic signs of keratoconus.
An interesting correlation was identified between corneal power and the presence of corneal scarring. Utilising multiple regression analysis, the scarring effect on corneal power is noted to be approximately 2.2 D; that is, the power in eyes with scarring is 2.2 D higher than in keratoconic eyes without scarring. The CLEK study reported a higher prevalence of corneal scarring (36.6% 3 ) than DUSKS but also noted that scarring was associated with increased corneal power. 28 In DUSKS, corneal staining was evident in 71% of eyes at review 2 but appeared to be primarily related to either contact lens wear or foreign bodies. Although RGP contact lens wearers are more vulnerable to 3 and 9 o'clock staining, 29 corneal staining can occur even in noncontact lens wearers 30 as well as soft contact lens wearers. 31 Orbscan has been investigated with regard to the pachymetry of 'normal' corneas and demonstrated to measure these as thicker (23-28 mm) 32,33 than comparable ultrasound measurements. However, Orbscan is noninvasive 34 and more reproducible than ultrasound and optical pachymetry. 35 The mean corneal apex thickness in DUSKS reduced significantly from 0.443 to 0.412 mm at review 2 (mean 1004 days). Both data points are comparable to measurements (mean 0.434) reported in the literature. 36 A weak correlation between corneal thickness and corneal power (r-value 0.6) was identified. Watters and Owens 37 have suggested a pachymetry threshold of 480 microns as a key diagnostic descriptor of keratoconus. Within DUSKS, 77% of keratoconic corneas were thinner than 480 microns at the second review. Owing to the wide-field pachymetry map produced by Orbscan, unlike ultrasound, it is possible to identify the thinnest area of the cornea. In DUSKS, this thinnest area was most commonly identified as the inferior quadrant (69.6% inferior temporal) as in other studies. 23, 38, 39 A proposed external pressure trigger for keratoconus development is previous rigid contact lens wear; 40 however, in this keratoconus population within the small group who wore contact lenses (9%), the majority (72%) had worn soft contact lenses before referral. Previously, the high percentage of subjects with a history of RGP contact lens wear before referral to the HES was thought to be due to the better optical correction of subclinical keratoconics using RGP in comparison with soft lenses. However, owing to the high prevalence of soft contact lenses fitted within the community 41 and greater detection of keratoconus, this factor may increasingly lose validity as a strong association.
Another trigger mechanism could be eye rubbing. 42 Within DUSKS 89% (CLEK reported 50.5% 1 ) of subjects reporting eye rubbing, almost half (48%) confirmed this occurred frequently or a great deal. Although DUSKS subjects tended to rub their eyes more frequently, this did not correlate with a significant association with the axial corneal power in these subjects, and hand dominance and steepness of the cone did not reveal any statistical correlation. Visual analogue scales represent a simple technique for measuring subjective experience and have been established as being valid and reliable. 43 In DUSKS, using visual analogue scales (Appendix 1) to describe eye rubbing history, a statistically significant difference was identified between enroled subjects and a normal control population (19% wearing contact lenses), with keratoconics rubbing their eyes more frequently. However, by comparison, the closed questionnaire technique demonstrated a trend but no statistically significant difference. A general limitation of all eyerubbing studies is that the force is not measured, only the frequency. Other factors to consider are the method of rubbing (knuckle or finger pads), duration, and seasonal variations.
The control group for the questionnaire component of this study was randomly selected from those attending Ninewells hospital. Although relevant systemic conditions such as asthma, hayfever, eczema, and atopy typically manifest before the third decade, and therefore the prevalence already established in both groups, it should be noted that one of the potential limitations of this questionnaire study is that the control group were, on average, 8 years older (39.23 years) and had a female gender preponderance compared with the study population'.
The variability in the subjective reporting causes additional difficulties in comparing studies. McMonnies and Boneham 44 recently published an eye-rubbing study using visual analogue scales and reported that the control group (RGP wearers) rubbed their eyes significantly less than the keratoconic group (n ¼ 53), which is similar to the observations in DUSKS. In 12 out of the 17 subjects who rubbed their eyes the most, the hand dominance and the more advanced eye were significantly related; however, these authors also reported that keratoconus developed in subjects with no history of severe rubbing. 44 There also appears to be a link between keratoconus and atopy 1, 45 with a higher proportion of asthma, 46 eczema, 12,47 and hayfever 13, 48 sufferers within a keratoconic population. The prevalence of allergic disease is increasing with environmental causes cited as responsible for this rising trend. 48 Although the exact nature of the association between atopy and keratoconus is unclear, the frequency of their co-existence does seem to suggest this is not a chance observation. When DUSKS subjects were compared with the control group, there was a statistically higher prevalence of hay fever and asthma within the keratoconic population. Comparing the DUSKS and CLEK study, 1 the latter reported a lower history of asthma (14.9%) and eczema (8.4%), with a higher percentage of hayfever (52.9%) and atopic history (53%). Using multiple regression analysis, there was a noticeable effect of the presence of asthma and age at diagnosis of keratoconus, with asthmatics being diagnosed on average 3.1 years earlier within the DUSKS group.
Conclusion
The DUSKS project provides a clear panorama of keratoconus, including presentation, management, and associations, in a large Scottish cohort. These initial DUSKS data have demonstrated that the majority of keratoconics are: referred by Optometrists to the HES with symptoms of blurred vision; male subjects; employed and holding a driving licence; reporting a high prevalence of atopic history and eye rubbing, but a low percentage of family history, generally diagnosed in the latter part of the second decade of life with the younger age at diagnosis being affected by higher corneal power and the co-existence of asthma. Additionally, the most common corneal slit-lamp sign is Fleischers'ring, with the incidence of corneal scarring increasing with steepening corneal power. Corneal thickness reduced significantly over the study period. 
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